Increased yields of nuclease in an inorganic medium deficient in phosphate have been reported by Takai et al. (11) with Neurospora crassa, and we have noted that the production of phosphatase by Aspergillus awamori var. kawachii was also increased in a low phosphate medium (9) . No study has been made, however, of the production of S'-nuclease (which degrades nucleic acid into nucleoside-5'-phosphate) under these conditions. This latter enzyme is of industrial importance in the production of various seasonings, such as inosine-5'-monophosphate or guanosine-5'-monophosphate, by the degradation of nucleic acid.
Since Ogata et al. (8) reported that the fungus A. quercinus was the best of several species of aspergilli tested for producing enzymes capable of degrading ribonucleic acid (RNA) into 5'-nucleotide, we investigated the production of 5'-nuclease by this organism and studied the properties of the purified enzyme.
MATERIALS AND METHODS Materials. The enzyme 5'-nucleotidase derived from bull semen was kindly supplied by Takeda Chemical Industries, Ltd., Osaka, Japan, and was partially purified by the method of Heppel et al. (3) . Calcium bis p-nitrophenyl phosphate was purchased from Sigma Chemical Co. (St. Louis, Mo.), and 3'-nucleotides were from C. F. Bohringer Co., Ltd., Mannheim, Germany. RNA, which was purchased from C. F. Bohringer Co., Ltd., was purified according to Sevag's method (10) . The 5'-nucleotides were kindly supplied by Takeda Chemical Industries, Ltd. Deoxyribonucleic acid (DNA) was obtained from calf thymus gland and was purified by the method of Kay et al. (5) .
Organism. The strain of A. quercinus that was used throughout this investigation was kindly supplied by Takeda Central Research Institute of Fermentation, Osaka, Japan.
Separation of S'-nuclease from 3'-nuclease. The 5'-nuclease was separated from 3'-nuclease in the culture filtrate as follows. Two ml of culture filtrate and 2 ml of 0.04 M tris(hydroxymethyl)aminomethane (Tris) buffer (pH 8.0) were added to a test tube containing diethylaminoethyl (DEAE)-cellulose (0.15 g, dry weight; prepared by Brown Co., Ltd., New York) previously equilibrated with 0.02 M Tris buffer (pH 8.0). The 5'-nuclease was not adsorbed to the cellulose, although 3'-nuclease, phosphomonoesterase, and phosphodiesterase were. The suspension was left at room temperature for 30 min with occasional stirring. The suspension was centrifuged at 1,000 X g for 5 min and the supernatant fluid was used as the 5'-nuclease enzyme solution.
Separation of 3'-nuclease from S'-nuclease. The culture filtrate, adjusted to pH 4.5 and heated at 70 C for 15 min to destroy the activity of 5'-nuclease, was used as the 3'-nuclease enzyme solution.
Assay of S'-nuclease. The enzyme was assayed by the method of Nakao (7) as follows. A 4-ml amount of the enzyme solution was added to 0.6 ml of a reaction mixture consisting of 0.1 ml of 4% RNA, 0.15 ml of 0.1 M sodium arsenate, 0.25 ml of 1 M Tris buffer (pH 8.75 ), and 0.1 ml of 0.1 M MgSO4. The mixture was incubated for 16 hr at 40 C. An 0.5-ml portion was then mixed with 0.5 ml of 1 N NaOH, heated in boiling water for 5 min to degrade OHTA AND UEDA the remaining RNA into 2'-(3'-)mononucleotides, and then neutralized with 0. Assay ofphosphomonoesterase. An 0.25-ml amount of the enzyme solution was added to 0.75 ml of a reaction mixture consisting of 0.5 ml of 0.025 M adenosine-5'-monophosphate and 0.25 ml of 0.1 M citrate buffer (pH 6.0). The mixture was kept at 40 C for 2 hr, and the orthophosphate liberated was deterniined by Nakamura's modified method of FiskeSubbarow (6) . The amount of enzyme required to liberate 1 -y of orthophosphate was defined as one unit of phosphomonoesterase activity.
Mycelial weight. The wet mycelial weight obtained by the filtration of 100 ml of fermentation broth indicated the rate of the growth of the fungus.
Fermentation conditions. The basic synthetic medium was as follows (g/100 ml of distilled water): glucose, 5.0; HCOONH4, 0.5; KCI, 0.2; MgSO4. 7H20, 0.02; CaC12, 0.01; NaCl, 0.05; and KH2PO4, 0.3 (equal to about 68 mg of phosphorus). When the level of potassium phosphate was reduced, the amount of potassium ion was kept constant by the addition of KCI. The initial pH was 6.0. Fermentations were conducted in shaking flasks (500 ml) containing 100 ml of the medium on a reciprocating shaker at 30 C. No difference was found in yields of enzymes between the flasks at a definite time, so the whole amount was withdrawn from the flask at each period and a sample was used to assay the enzyme activities.
Determination of protein. The concentration of protein was determined by Lowry's method modified by Akabori (1) . RESULTS Effect of various nitrogen sources upon the production ofS'-nuclease. Thebasic synthetic medium, with ammonium formate omitted and phosphorus reduced to 5 mg/100 ml, was used. All nitrogen sources tested were added in amounts calculated to give 100 mg of nitrogen per 100 ml. As shown in Table 1 , HCOONH4 was most effective for the production of 5'-nuclease and yields of 625 units per ml were obtained. This salt was, therefore, used as the nitrogen source throughout this study.
Production of S'-nuclease. In medium containing 68 mg of phosphorus per 100 ml, the fungus grew nonnally and the yields of 5'-nuclease, 3'- In medium containing 10 mg of phosphorus per 100 ml, the growth curve was similar to that obtained in medium containing 68 mg of phosphorus per 100 ml (Fig. 2) . A small amount (75 units per ml) of 5'-nuclease was produced in this medium; yields of 3'-nuclease and phosphomonoesterase were poor (<25 units per ml).
In medium containing 5 mg of phosphorus per 100 ml, the weight of the mycelial mat was less than that produced in media containing 68 and 10 mg of phosphorus per 100 ml (Fig. 3) . The production of 5'-nuclease was, however, sharply increased to 600 units per ml and was maximal for the series. Peak yields of this enzyme were obtained within 7 days. The production of 3'-nuclease and phosphomonoesterase was less than 125 units per ml; 5'-nuclease appeared in the medium before either of these enzymes. In medium containing 3 mg of phosphorus per 100 ml, 5'-nuclease was produced in the early phase of growth and the yield was essentially constant once a level of 500 units per ml had been obtained (Fig. 4) . Mycelial growth was slow, and the weight of the mycelium was half that produced in medium containing 5 mg of phosphorus per 100 ml. The amounts of 3'-nuclease and phosphomonoesterase were considerably less than 5'-nuclease but were greater than those obtained in medium containing 5 mg of phosphorus per 100 ml. In this medium, 5'-nuclease was produced before the production of either 3'-nuclease or phosphomonoesterase.
In medium containing 1 mg of phosphorus per 100 ml, little mycelium was formed (Fig. 5) . Although the amount of 5'-nuclease (250 units per ml) was less than that produced in medium containing 5 and 3 mg of phosphorus per 100 ml, the yields of 3'-nuclease and phosphomono- OHTA AND UEDA esterase were greater, i.e., 475 and 400 units per ml, respectively. In medium containing 0.5 mg of phophorus per 100 ml, mycelial growth was scant, i.e., less than 0.7 g/100 ml of fermentation broth (Fig. 6) Fig. 7 .
The effluent was collected and subjected to gel filtration through Sephadex G-100 (Pharmacia Co., Ltd., Uppsala, Sweden). The enzyme 5'-nuclease was obtained in the first protein fraction with a recovery of 95%. The filtrate was collected and dialyzed overnight against distilled water at 5 C. The enzyme was purified approximately 530-fold and recovery was 84%. Yields obtained during purification are summarized in Table 2 .
Properties of S'-nuclease. (i) Degradation of enzyme activity (Fig. 8) Mg++ (1 mM) , and at 40 C in the absence of this ion. The enzyme was stable at a pH of 5.6 to 7.5 at 20 C for 24 hr; 90% of the activity of the enzyme was, however, inactivated at pH values of 3.0 and 9.0. Among the substrates tested, the enzyme was activated only by Mg++. The optimal concentrations of this ion for inducing enzymatic activity on RNA and DNA were 10-2 M and 1 mm, respectively. The enzyme itself was inhibited at higher concentrations of Mg++ and by the ions shown in Table 4 at a concentration of 1 mm. Other ions, including K+, Na+, Cu++, AsO7--, F-, CN-, and SO3-(1 mM each), enhanced enzyme activity. (iv) The 75 and 98% digests of RNA with this enzyme were subjected to paper chromatography (Toyo filter paper no. 51), and the nucleotides were detected with Manaslu light. As seen in Fig. 9 and 10, 5'-mononucleotides and residual RNA (at the origin) were found. Isopropyl alcohol-ammonium waterwater (7:1:2) was used in the first dimension (descending for 2 days) and 2% borate solution-ammonium water-absolute ethyl alcohol (30:10:60) was used in the second dimension (ascending overnight). The spots were cut out and eluted with 0.01 N HCI. Eluates were subjected to spectrophotometric identification and determination (2) . The total amount of S'-mononucleotides was found to be 75% ofthe applied sample. Abbreviations: Ap, adenosine-3'-phosphate; Up, uridine-3'-phosphate; Gp, guanosine-3'-phosphate; Cp, cytidine-3'-phosphate; pA, adenosine-5'-phosphate; pU, uridine-S'-phosphate; pG, guanosine-5'-phosphate; pC, cytidine-S'-phosphate.
Similar results were obtained with a digest of DNA and this enzyme using the solvent systems of isopropyl alcohol-ammonium water and saturated ammonium sulfate.
DIscussIoN
The production of RNA-depolymerase-forming 5'-nucleotide (5'-nuclease) was investigated with the fungus A. quercinus. In high phosphate media containing 68 and 10 mg of phosphorus per 100 ml, little 5'-nuclease, 3'-nuclease, or phosphomonoesterase was produced, although the mold grew normally. Within the series of media containing various concentrations of phosphorus, the greatest amount of 5'-nuclease was produced with 5 mg of phosphorus per 100 ml. The yields of 3'-nuclease and phosphomonoesterase were greatest at even lower concentrations of 1 mg and 0.5 mg of phosphorus per 100 ml, respectively. Maximal production of each of these enzymes occurred at a different concentration of phosphorus. The production of 5'-nuclease was highest in medium con- taining 5 mg of phosphorus per 100 ml and only small amounts of 3'-nuclease and phosphomonoesterase were detected. The increases in the amounts of 5'-nuclease, 3'-nuclease, and phosphomonoesterase produced in a low phosphate medium were 11-, 30-, and 80-fold, respectively, when compared with those in high phosphate medium. The differences in the percentage increase in each enzyme imply that each may play a different role in the metabolism of phosphate (or nucleic acid) by the fungus.
As shown in Table 2 , 5'-nuclease was purified approximately 530-fold with a recovery of 84%. Column chromatography with DEAE-cellulose resulted in the complete separation of 5'-nuclease from 3'-nuclease, phosphodiesterase, and phosphomonoesterase. Thus, the electrostatic properties of 5'-nuclease may be different. The 5'-nuclease obtained in the high phosphate medium showed the same enzymatic properties as that produced in the low phosphate medium (Table 3) . These properties are similar to those reported by Nakao for this enzyme when produced in a natural medium rich in phosphate (7). It is probable that the enzyme obtained in a low phosphate medium is the same as that produced in a high phosphate medium, and that the enzyme obtained in high yield is the same as that produced in low yield. As shown in Table 4 , the purified enzyme had almost the same properties for utilization of RNA as for DNA, with the exception of differences in Mg++ requirement. There was no activity against calcium bis p-nitrophenyl phosphate. It is likely that this enzyme is identical with nuclease whose DNA and RNA activities are attributable to one protein.
As seen in the chromatograms in Fig. 9 and 10, only the 5'-mononucleotides and the oligonucleotides that remained at the origin were found. None of the small oligonucleotides that could migrate were detected. These results suggest that the enzyme produced in the low phosphate medium is exonuclease. It appears that this enzyme is one of the repressible exonucleases that are active in the production of 5'-mononucleotides.
